This paper presents a mathematical model for online fault detection on single solenoid servoproportional spool valves. The most common failures as well as its effects on the valve behavior are studied and took into account for the model representation. Servoproportional valves are used in industry, aerospace, and military fields. Some of these uses are criticalmission, where the valve must not fail without previous warning to prevent or mitigate financial losses, equipment damage, and risk to personnel. Even in less demanding applications, it is very useful to be able to quickly locate a failure in the hydraulic circuit, which is a task that may demand up to 80% of the time used in corrective maintenance. Total failure can readily be detected using the signals available on the valve electronics. However, since the spool positioning is on closed loop on these valves, incipient failures that can be overcome by the controllers cannot be easily detected. In this paper, an experimentally validated analytical model is used as a reference model such that the solenoid actual current can be compared with the theoretical current. Since the valve hysteresis is considered, the model calculates maximum and minimum current values that correspond to an undamaged valve. Experimental results with a standard valve and a damaged valve show the effectiveness of the model for fault detection.
Introduction
Electrically modulated hydraulic control valves [1] , particularly servoproportional spool valves, are used in several applications in industry, aerospace, and military fields. Some of these applications are critical-mission, where the valve must not fail without previous warning to prevent or mitigate financial losses, equipment damage, and risk to personnel. Even in less demanding applications, it is very useful to help quickly locating a failure in the hydraulic circuit, which is a task that may demand up to 80% of the time used in corrective maintenance. Also, a valve who has not lost its function, but is not operating at its best may affect the entire hydraulic system performance, making it hard for engineers to locate and solve the problem [2] .
A fault detection process isolates the source of a system malfunction through the gathering and the analysis of information about the current state of the system obtained through measurement, testing and other sources of information, such as the user [3] . Since the detection is usually performed in embedded systems with other functions, such as control, the fault detection process should be as simple as possible. The attempt to detect all possible failures would make the process unnecessarily complex and would increase its response time. That is why embedded fault detection systems are made to quickly detect the most common faults. On the other hand, running complex tests periodically would not compromise the system safety [4] .
The evaluation of the acquired data from the system is important to the decision making process and it can be done using techniques such as artificial intelligence, behavior or failure models, signal analysis, process history, statistical methods and others [3] , [5] . The model based approach requires extensive effort during the development phase, and is computer intensive when used on-line, but is adaptable to other similar equipment through parameter and model adjustments. The model development process also adds knowledge over the system under study [5] . For these reasons, the model approach has been chosen by the authors to generate the necessary information for decision making.
Common failures in spool valves
Electrically modulated hydraulic control valves should have a service life of several million cycles when operated with adequate filtered fluid within the boundaries of its nominal specifications. However, its service life is greatly influenced by operational conditions such as the environment where it is installed, fluid contamination, the use of dither, pressure and voltage spikes, etc.
Among the most common failures are the ones caused by contaminated fluid and degraded components due to excessive wear [2] . In order to gain some knowledge on how these failures affect the valve and what should be monitored to detect such a situation, the most common faults are discussed below [2] , [6] .
Solenoid fault
After the solenoid reaches the magnetic saturation current level, additional current through the solenoid will only cause it to generate heat. This increases its impedance and therefore decreases the current through the solenoid for a certain voltage. This also reduces its ability to generate mechanical force. In extreme cases the core may fracture or the coil inductance may be permanently altered. When the solenoid burns it becomes an open circuit, and no current goes through no matter the voltage applied. This causes the valve not to respond to the command signal, and therefore no spool movement will be possible.
Spring fault
A broken or fatigued spring may cause the spool to drift, since it is subject only to both the solenoid and to the steady-state flow forces. A valve with a broken spring is not able to comply with the command signal, even though the solenoid is working properly.
Fluid fault
According to [7] , up to 75% of the failures in hydraulic systems are caused by contamination generated or added to the system. The undesirable effects include frequent component replacement, loss of movement repeatability, parameter alteration, fluid degradation and others. Among the most common contaminants are those presented below.
Solid particles
The gap between the spool lands and the sleeve of control valves ranges from 1 to 25 µm according to the valve size and design. Particles around that size can silt or become wedged in the spool or sleeve, leading to erratic movements, jamming, and permanent damage to lands, orifices and sleeve [8] . Contaminants such as sand, metal particles, polish compound, and other residues can cause wear and premature failure, making this kind of contaminant one of the critical factors to affect the service life and the reliability of hydraulic systems [9] , [10] , [11] . These contaminants may come from the external environment or may come from the wear of components of the system. How long it will take for this to occur depends on the amount and size of particles, and on the pressure differential, varying from a few seconds to a few hours if the valve is centered [9] , [8] . Particles ranging from 5µm to 40 µm may quickly jam a valve, and occurrences even during the commissioning of the machine have been reported [8] .
In the long run, particle contamination may cause increased friction between the spool and the sleeve, increasing hysteresis, scratching the spool surface and eroding edges, increasing flow and non-linear behavior in the center position. This state demands more from the solenoid, who has to operate at higher current levels to move the spool, increasing both threshold and flow gains, and decreasing pressure gains. When the valve is extremely damaged its responses may become slower, unstable or fail completely due to the clogging of orifices or to the failure of the solenoid [9] , [8] .
Water
Water may be dissolved in the fluid up to the saturation point, and then the excess presents as a second phase (free water) or an emulsion. Water contamination can lead to failures such as corrosion of surfaces, accelerated abrasive wear, metal fatigue, and increased friction due to viscosity loss among others. These effects will lead to the increase of the force necessary to move the spool. Even greater complications may occur when the temperature decreases, since the fluid holds less dissolved water under these conditions, and when the freezing point is reached, the formation of ice crystals may affect the system functions [12] .
Air
The air may be dissolved or free in the hydraulic fluid. Though it causes less trouble when dissolved, it may cause jamming, erratic functioning and other undesirable effects when it is trapped inside a valve [13] . The air may come from leaks in the system, from maintenance interventions, or from fluid turbulence in the reservoir.
Varnish and slug
Varnish and slug are generated by the degrading of the hydraulic fluid, which may happen as a result of natural aging, overheating, or the presence of contaminants such as water, air, solid particles, among others. It may be dissolved or free in the fluid. The fluid capacity to hold them dissolved depends greatly on the fluid temperature [9] . The varnish may accumulate in low flow and low temperature areas of the system, while areas with a high flow or high temperature are not affected. This kind of contaminant affects particularly valves that are not used for a certain period of time, like the ones used in emergency systems or during the cold start of a machine with degraded fluid [14] .
These residues may clog orifices and grooves making the valve sluggish. In such a state the valve experiences jamming and performance loss. Also, solid particles may accumulate on the sticky surface, creating an abrasive surface that accelerates the wear of the moving parts of the system [14] .
Other factors
Other factors may cause problems, such as pressure spikes, electrical surges, fatigue and manufacturing defects. Pressure spikes and electrical surges may be generated by accidents or design problems. When pressure spikes occur, damage to internal components, valve manifold an leaks may affect the valve, causing alterations in its behavior. Electrical surges may damage the electronic components of a servoproportional valve, rendering it useless. Fatigue and manufacturing defects such as problems in the valves surfaces, component alignment, geometry of chambers and drains, or even broken mechanical components, who may be noticed on valve commissioning of after a period of operation, will affect greatly the valve behavior.
As seen above, in electrically modulated hydraulic control spool valves, the most common failures may cause the increase of friction between the spool and the sleeve due to wear, abrasion, varnish and particle accumulation, that end up altering the valve frictional characteristics [15] . Those may increase the stick and slip phenomenon, where the spool moves and stops several times during its trajectory, causing the actuator to move irregularly, and may even jam the valve spool. Some failures, such as damaged electronic components or broken mechanical components may affect the valve ability to control the forces on the spool. For that reason it is important to have some estimate of the forces that would normally be present. Since the force applied on the valve by the solenoid is fairly proportional to the current through its coil, an estimate of normal current levels can be used for comparison with the actual current levels through the solenoid to detect faults. Knowing the current that should be applied at the solenoid at each spool position at a certain operating condition may help the operator or monitoring system to realize when the valve is not working properly even before the fault could be noticed through other of the valve signals, such as spool position.
Servoproportional valve modeling

Force and current equations
From the previous section one can realize that the magnitude of the forces involved in the spool movement is affected in most of the failures mentioned in the researched literature. Servoproportional valves are built with solenoids stronger than the needs to overcome the valve internal forces in order to be able to move even in the presence of certain contaminants or at higher pressure differentials. This is why the difference between the current levels of a healthy valve are so different from the levels of a contaminated or damaged valve, since the controller uses the extra power when it is not able to move the spool. Therefore, a model to estimate the internal forces through the magnitude of the current that should be applied at each spool position at certain operation conditions was developed [16] . In order to do so, a closer look at the forces involved in the spool movement is required.
The axial force required to move the spool is a consequence of the necessary forces to accelerate the spool and anything else that moves with it, to overcome friction, and the forces due to the flow through the valve, also called flow induced forces or Bernoulli forces [9] . There is also the force necessary to overcome springs used to center or return the spool valve.
Regarding the flow forces, the most significant is the steadystate flow force that is related to the variation of the quantity of motion of the fluid in the valve chambers ( fig. 1 ). The jet angle is typically at around 69° from the center axis of the spool if the radial clearance between the spool and the sleeve is neglected [9] . Therefore, the resulting force has a lateral component that pushes the spool against the sleeve or body of the valve, and an axial component that tends to shut the valve closed. Commonly the ports of the valve are located symmetrically around the spool, leading the components of the lateral force to compensate each other. However, the axial forces are not compensated except the valve has a flow force compensation design.
Vena contracta Fluid element Figure 1 : Flow forces on a spool valve due to flow leaving a valve chamber [9] . The steady-state flow force can be expressed for each valve chamber as [9] , [17] , [18] Using the valve flow coefficient defined in [19] , the flow rate can be expressed by [20]   
The force above contributes significantly to the force required to stroke the valve spool [9] . One can notice that the reaction force ( The inertial force is related to the effective moving mass that consist the mass of the valve moving parts plus fluid contained in the valve chambers and drain ports at the spool ends. The dampening forces are a consequence of the transient flow forces related to flow acceleration and the viscous friction forces caused by the fluid adjacent to the valve moving parts. These forces are in general considerably smaller than the spring and steady-state flow forces and can be neglected in the model for simplicity sake. Their effect, however, is important, since they limit the valve performance and response time and may demand the solenoid maximum available force during the initial acceleration of the spool when changing the area of the metering orifices. For this reason measures must be taken in the fault detection process to avoid false detections [16] .
This yields a much simpler, easier to calculate model, allowing a reduced processing time for on-line fault detection. In a solenoid valve all these forces must be overcome by the solenoid(s). Since the force generated by the solenoid(s) can be described in a simplified way by [18] 
Model applied to the studied valve
The Hydrus, HR01 servoproportional single solenoid valve is a prototype valve designed at LASHIP/UFSC. Since there is no failure field data and the magnitude of the internal forces at such operational conditions, the choice for the model based approach was reinforced, since it could be based on the in lab valve behavior [16] .
Being a single solenoid valve, the HDR01 has only one spring, as seen in Fig. 2 . This spring counteracts the solenoid and to this force the steady-state flow force is added. At the beginning of the solenoid displacement, when the current and the force yielded by the solenoid is zero, the valve port A is fully open and connected to the supply port, while the port B is connected to the return port. Following the center position, where all ports are closed, the valve connects the port B and the supply port at the same time it connects the port A and the return port. Since the steadystate flow forces tend to close the valve, while the port A is connected to the supply port the steady-state flow forces help the solenoid against the spring. After the center position, the steady-state flow forces act against the solenoid along with the spring.
As it typically occurs, the proportional solenoid has nonlinear regions at the beginning and at the end of its displacement. These regions were avoided to make the valve proportional, but the non linearity offsets the force curve from zero, since the solenoid only starts generating force after a certain current is applied. Also, the solenoid presents hysteresis on its force versus current relation, as a result of the remanence phenomenon, which is the residual magnetization of a ferromagnetic material in the absence of external magnetic fields. Therefore it is necessary to add a linear coefficient to eq. (7) in order to compensate the force offset. This coefficient has two values in order to account for the hysteresis of the solenoid, delimiting the maximum and minimum force yielded for a given current level.
Figure 2: HR01 servoproportional valve
The force actually generated by the solenoid at a certain current will depend on its previous movements and on which way it is moving. Hence From eq. (10), eq. (13), and eq. (14) a Simulink block diagram has been designed as shown in fig. 3 . This block diagram estimates the maximum and the minimum current at the solenoid at a certain spool position for a given pressure drop on the valve. It is supposed to estimate the steady-state current, but since the effective spring forces are considerable, it can be used too to estimate with a reasonable margin of error the transient current that occurs when the solenoid and valve are accelerating, since the estimates change as the spool moves. Under steady-state conditions the current value is to be around the range delimited by the two estimated limits, or slightly above or below if hunting occurs due to the static friction of the spool, which is a non-linear characteristic not accounted for in the model.
The model expressed in Fig. 3 is fit for a symmetrical proportional valve. For an asymmetrical valve, two of these block diagrams should be used in order to change the Kv value as the valve changes the flow direction.
Figure 3: Solenoid current estimation model
Signals obtained from sensors that measure spool position, supply pressure, return pressure, chamber A pressure, and chamber B pressure are used by the model to output two current estimates, the maximum and the minimum current levels expected for that spool position at those operating conditions. Running in parallel with the valve, as shown in fig. 4 , the model generates real time estimates that can be compared to current on the valve solenoid to detect discrepancies, and therefore, potential faults. Depending on the characteristics of those discrepancies, a certain type of fault is more likely to be happening, information that is valuable for diagnosis and to narrow down maintenance actions to solve the problem. 
Experimental results
Firstly, experiments were made to check the modeling hypothesis and evaluate the need for models that account for temperature changes. In fig. 5a the valve behavior under different supply pressure levels can be seen, showing that current changes relatively linearly with spool displacement, and the rate of this change varies with the supply pressure on the valve. This is a consequence of the changing of valve flow rate with pressure, as shown in fig. 5b . Notice that flow rates below to 2.5 l/min are out of the measuring range of the flow transducer used in these experiments, and the sudden drop in the flow rate close to the valve center does not occur. During these experiments the ports A and B were interconnected and the temperature controlled at 40 ± 2°C. Figure 6a shows that flow rate does not change within the temperature range such that there is a small variation in the current levels necessary to move the spool ( fig. 6b ). For greater temperature changes further compensations may be needed on the model. In figures 5a and 6b the effect of hysteresis and threshold can be noted, since two different current levels are seen for the same spool position, depending on the spool moving direction.
Based on these results, the temperature effect was not included in the model. However, a model using temperature sensors to estimate the pressure drop between the supply port and port A (or B, depending on the flow direction) and the other working port and the return port was developed to replace the pressure measurements. That would make the hardware necessary to feed the model cheaper. However, the temperature sensors readings were too slow to keep up with the spools movements, and that could lead to false detections.
The model was validated using both parameters extracted from the product catalog and experimental parameters, extracted from fig. 5a . Good results were achieved with both approaches however the use of experimental parameters resulted in a more accurate current estimation, as expected. Merritt [9] discusses about the uncertainty of the flow force theoretical models, especially when the spool is close to the center, due to the changes in the jet angle at the vena contracta and other simplifications as the orifice geometry. Experimental parameters can reduce the influence of these simplifications and variations that occur from valve to valve. However, the model with theoretical values is still good enough for estimate due to the considerable differences in current observed when the valve is contaminated or worn. MPa.
Step inputs ranging from 1.32 to 2.43 mm and sinusoidal inputs from 1.32 to 2.43mm with periods ranging from 1 to 20 s were used [16] . The greatest difference between the estimated and the actual current for a healthy valve was observed during the first 10% of the settling time after a step input. Since the estimate is based on a steady state model, the difference between the estimated and the actual current is maximum when the spool is being accelerated or decelerated. During steady-state conditions the current remained within the boundaries of the estimates for most of the time, except when hunting occurred. Here some error was noticed due to the spool static friction, which forced the controller to raise the current to move the spool while the spool remained still.
The sinusoidal response is presented in fig. 8a where the error corresponds to the percentage difference between the actual and estimated current. When considering the minimum estimate value, the error must be positive or very close to zero which means that the actual current is higher than the minimal estimated value. In the same way, for maximum estimate currents the error must be negative or very close to zero for a healthy valve. It is not accomplished when the movement direction of the spool changes since that the dynamic effects are not computed by the model. Aiming to verify the effectiveness of the estimate model for fault detection three from twelve valve grooves were contaminated with diesel engine adhesive as shown in fig. 9 .
This emulates the accumulation of dirt or varnish on the grooves. As can be seen in fig. 7b and fig. 8b , the valve did not lose its function and the controller was still able to be positioning the spool, even though it did it with increased error. However, the valve settling time was increased and the solenoid demanded more current yielding great differences between the estimates and the actual current even after the spool accelerating,. In fig. 8b one can notice the saturation of the solenoid current during the spool displacement. The error between actual and estimate current was greater than 100% during a considerable amount of time. Under these conditions a fault detection system would be able for fault detection and warning the operator before a valve jam occurred.
Figure 9: Valve with obstructed grooves
The spool valve without contaminants but with eroded control surfaces was also analyzed ( fig. 10) . The valve parameters such as the null spool position and the flow coefficients changed, and also the internal forces. As shown in fig. 7c , the current difference was higher than 20% even during steady state conditions. Figure 8c shows that with sinusoidal signals the error for the maximum estimate models (using theoretical or experimental parameters) was positive almost all the time indicating that the demanded current was greater than the estimated values indicating a potential fault. Even though with an eroded control surface the controller was still able to position the valve spool. 
Conclusions
The proposed model estimates adequately the solenoid current of a servo-proportional valve establishing minimum and maximum limits for an undamaged valve. Along with pressure measurement on valve ports and signals commonly available on the embedded electronic controller of servoproportional valves, an effective fault detection system can be designed using, for example, a simple rule based system. Although the model is based on steady-state equations, a difference between the actual and estimated current greater than the specified value taking into account the transient forces will be occurring when the valve is in poor conditions. Therefore, the model can be used for diagnosis under transient conditions as well, provided the estimates made during the initial spool acceleration are disregarded.
The sensibility of the system will depend upon the quality of the transducers, on the quality of the valve and on the user's tolerance to faults. If the transducers have a low uncertainty, the valve is linear and well balanced, the fluid is well filtered, and the application has little tolerance to changes in valve behavior, the user can set the system to warn after small errors between the estimates and the actual current are detected. However, if some of those conditions are not met, a higher error level should be tolerated before a fault is considered detected. 
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